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Abstract. Magnetic monopoles are hypothesised elementary particles connected by Dirac strings that behave like infinitely thin solenoids [Dirac 1931 Proc. Roy. Soc. A 133 60]. Despite decades of searches, free magnetic monopoles and their Dirac strings have eluded experimental detection, although there is substantial evidence for deconfined magnetic monopole quasiparticles in spin ice materials [Castelnovo, Moessner & Sondhi 2008 Nature 326 411]. Here we report the detection of a hierarchy of unequally-spaced magnetic excitations via high resolution inelastic neutron spectroscopic measurements on the quantum spin ice candidate Pr 2 Sn 2 O 7 . These excitations are well-described by a simple model of monopole pairs bound by a linear potential [Coldea et al. Science 327 177] with an effective tension of 0.642(8) K ·Å −1 at 1.65 K. The success of the linear potential model suggests that these low energy magnetic excitations are direct spectroscopic evidence for the confinement of magnetic monopole quasiparticles in the quantum spin ice candidate Pr 2 Sn 2 O 7 .
Introduction
Magnetic monopoles remained at the periphery of physics until Dirac published his quantum theory of magnetic charge [1] in which he envisioned a monopole as the end of an infinitesimally thin solenoid construct known as a Dirac string. Dirac proposed that not only were magnetic monopoles consistent with quantum theory, but their existence would result in the quantisation of electrical charge [1, 2] . While the latter has been verified experimentally [3] , the identification of magnetic monopoles has been challenging. Establishing the existence of this elusive elementary particle would lead to a beautiful symmetrisation of Maxwell's equations and validate several modern physical theories [4] .
Recently, the discovery of a class of magnets known as spin ices has made the study of magnetic monopole quasiparticles viable [2, 5, 6] . Spin ices are found in a series of magnetic pyrochlore oxides A 3+ 2 B
4+
2 O 7 , which have moments residing on the Asite, corner-sharing tetrahedra sublattice. At low temperatures, the moments assume a two-in/two-out short-ranged magnetically ordered state as shown in Figure 1 (a), possessing Pauling's configurational entropy [7] . Castelnovo et al. [5] first proposed that dipolar spin ices (DSIs) may host mobile mangetic monopole quasiparticles as illustrated in Figure 1 (b). These monopoles are expected to interact via a magnetic Coulomb law suggesting deconfinement [2, 5] , and the strings connecting them in pairs (see Figures 1(c) and 1(d)) have not been easily measurable. Consequently, although there is mounting experimental evidence [2, 8] supporting the existence of monopoles in the DSIs, the exact nature of the interaction between these monopoles is still under active investigation [9] .
In an attempt to measure interactions between magnetic monopoles, our attention has shifted to quantum spin ices (QSIs) [10] [11] [12] [13] [14] . This family of materials differs from DSIs in the nature of the interactions between the magnetic moments [10] , as their magnetic Hamiltonians consist of transverse coupling terms leading to significant fluctuations of the moments away from the local [111] quantisation axes. As a result, the correlation time of the two-in/two-out state at low temperatures tends to be much shorter for a QSI as compared to its DSI counterparts [15] . There are predictions [16] for the properties of monopoles in QSIs, but their detection has remained elusive. We report here the direct observation of interacting magnetic monopoles in Pr 2 Sn 2 O 7 using inelastic neutron spectroscopy. Our measurements allow for both an estimate of the monopole pair creation energy and a lower bound of the effective tension between monopoles.
Experimental
Polycrystalline samples of Pr 2 Sn 2 O 7 were prepared by a standard solid-state reaction of stoichiometric amounts of Pr 6 O 11 (99.99 %, Alfa Aesar) and SnO 2 (99.99 %, Alfa Aesar). The powder reagents were mixed together, finely ground and pressed into a pellet using a uniaxial press. The pellets were placed in an alumina crucible and were pre-reacted by heating in air at 1000
• C for 24 h. The pellets were then reground, repelletised and heated in air at 1400
• C for approximately 48 h with intermittent grindings until room temperature powder x-ray diffraction measurements with a Bruker D2 phaser laboratory diffractometer at the University of Edinburgh a.
b.
c. d. using a Cu K α1,2 source confirmed no discernable impurities. Low energy transfer inelastic neutron scattering experiments were performed on the direct-geometry time-of-flight cold neutron chopper spectrometer CNCS at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL). Approximately five grams of polycrystalline Pr 2 Sn 2 O 7 and select members of Pr 2 Sn 2−x Ti x O 7 (x = 0.40 and 0.60) were sealed in aluminium cans under a helium atmosphere for the experiment. The sample cans were mounted on the CNCS automatic three sample rotator stick (SS-003) with a boron nitride (BN) spacer adapted for a top loading 100 mm orange cryostat (CRYO-006). Measurements utilised incident energieshω i of 3.32 meV and 25 meV in high flux mode, providing an energy resolution at the elastic line of approximately 0.01 and 2 meV, respectively. Additional measurements were collected with an incident energy of 4.1 meV in medium resolution mode, providing an energy resolution at the elastic line of approximately 0.08 meV. An empty aluminium can was also measured for approximately half the counting time at identical experimental conditions, and the resulting spectra were subtracted from the corresponding sample spectra. The high flux and medium resolution modes were accomplished by spinning the high speed double disk chopper located just before the sample at a frequency of 300 Hz and 240 Hz, respectively.
Results & Discussion
The pyrochlore Pr 2 Sn 2 O 7 has been well characterised as a potential QSI candidate [10, 17] . Despite susceptibility measurements suggesting net ferromagnetic The high flux mode was accomplished by spinning the high speed double disk chopper located just before the sample at a frequency of 300 Hz. A fitting routine, as described in Supplementary Discussion §3.3., was applied exclusively to positive energy transfers with the fit to each excitation shown and labelled by its quantum number n. The strong, broad Lorentzian feature centered at approximately 0.2 meV was observed in previous work [17] and is attributed to quantum tunnelling between degenerate spin ice configurations. The relative intensity axis is presented on a logarithmic scale for both the constant |Q|-cut and S(|Q|, ω) spectrum inset to assist with data visualisation due to the relatively low intensity of the excitations as compared to the elastic line.
interactions (θ CW = 0.3 K), there is an absence of long-range magnetic order [17, 18] . The ground state crystal field scheme is well understood [17, 19] , consisting of a thermally-isolated non-Kramers doublet. The lower Pr 3+ effective moment of 2.61(1) µ B , as compared to ∼10 µ B for DSIs, implies Pr 2 Sn 2 O 7 is more susceptible to quantum fluctuations [19] . In fact, low energy spin fluctuations persist to well below 1 K and possess an anomalously low activation energy, which is attributed to the quantum nature of the system [17] .
We have remeasured these low-energy spin fluctuations in a well-characterised powder sample of Pr 2 Sn 2 O 7 using the Cold Neutron Chopper Spectrometer (CNCS). Broad, quasi-elastic scattering previously measured [17] was confirmed in our sample at 1.65 K. However, the high resolution and time-integrated flux of the CNCS also enabled the observation of a discernible fine structure to the scattering, as shown in Figure 2 .
A hierarchy of nearly-dispersionless excitations was identified and measured up tō hω ∼ 2 meV. These excitations are also visible with different incident energies while obeying detailed balance, confirming they are not spurious in origin. Furthermore, as shown in Figure 3 , they exhibit a remarkably similar temperature dependence to the magnetic diffuse scattering observed in the elastic channel. This similar temperature dependence suggests that the excitations are associated with the quantum spin ice state. Finally, these modes are not due to chemical disorder, as this is well understood through doping studies of Pr 2 Sn 2−x Ti x O 7 and related materials [20] . Please refer to Supplementary Discussion §3 for further details. 
I ' ( a r b . u n i t s )
T e m p e r a t u r e ( K ) As summarised by Figure 2 , the excitation spectrum was analysed by fitting the data to a series of free-width Lorentzians convolved with fixed-width Gaussians. The lowest-energy Lorentzian function models a prominent quasi-elastic background centered at 0.2 meV, previously attributed to quantum tunnelling between degenerate spin ice configurations [17] . The higher-energy Lorentzians represent the five quantised excitations observed here. The analysis reveals that these modes are not evenlyspaced and decrease in relative intensity with increasing temperature, which taken together rule out a possible quantum harmonic oscillator interpretation [21] and imply a magnetic origin instead. We therefore consider possible mechanisms that lead to quantised, unevenly-spaced magnetic excitations. The dynamic response for the spin defects of a quasi-one-dimensional Ising S = 1 2 spin chain such as CoNb 2 O 6 [22] below the magnetic ordering temperature has the desired characteristics. While the spin defects are created in pairs, they are ultimately bound together in the ordered state due to an attractive linear potential arising from the finite molecular field [23] [24] [25] . A similar spin defect confinement model may apply to Pr 2 Sn 2 O 7 , under the assumption that the relevant defects in this case are magnetic monopole quasiparticles and not solitons, while the linear confining potential may be a consequence of the QSI state. Note that the analogy between spin defects and monopoles in a spin ice has been discussed previously [2, 6] . If the monopole confinement model is valid for Pr 2 Sn 2 O 7 , then the energies of the excitations should be described by the following:
where n is a positive integer, µ is the reduced mass,hω n is the n th excitation energy, 2hω o is the energy cost to produce a pair of monopoles, λ is an effective tension and z n are the negative zeros of the Airy function [22, 26] . Furthermore, if one fixes µ to the appropriate value based on previous work by Pan et al. [27] on another quantum spin ice candidate Yb 2 Ti 2 O 7 , then the linear relationship betweenhω n and z n also provides an estimate for the lower bound of the effective tension λ between monopoles via the slope of Equation 1. Please refer to Supplementary Discussion §3.3-3.5 for further details. Figure 4 (a) plots the observed energy levels versus the excitation number to facilitate a direct comparison between three different candidate scenarios. Two possibilities, the monopole confinement and QHO [21] models, have already been discussed in detail above. We consider a third model here, based on localised high S clusters. The magnetic excitation spectrum for an isolated spin cluster also consists of a series of quantised energy levels, and the spacing between the modes can be nontrivial or follow the simple relationshiphω n ∝ n 2 depending on the specific details of the magnetic Hamiltonian [28, 29] . We fit our data to each of these models with the phenomenological expressionhω n = A + Bx n , where A and B are constants and x n is n, n 2 , or z n for the QHO, localised spin cluster or monopole confinement models, respectively. The solid curves in Figure 4 (a) represent the best fit to each of the models and they clearly illustrate that the monopole confinement model provides the best agreement. Additional details are presented in Table 1 . Furthermore, a plot ofhω n vs. z n , as shown in Figure 4(b) , produces a linear relationship in agreement with the predictions of this model [22] . Therefore, we interpret these excitations as direct spectroscopic evidence of interacting magnetic monopoles within the pyrochlore lattice.
The linear fit shown in Figure 4 (b) yields zero as an estimate for 2hω o and a lower bound of 0.642(8) K ·Å −1 for the effective tension between monopoles at 1.65 K. Some physical insights can be made from the measurement of these two parameters. Firstly, the value of the tension is positive and non-negligible, implying that the monopoles are confined unlike in DSIs [2, 6] . Secondly, the application of an identical analysis algorithm to data collected at 10 K yields a larger lower bound of 0.667(8) K ·Å −1 for the effective tension, an increase that would be expected if the confining potential was attributed -to some extent -to the spin ice state. Thirdly, the value of λ ∼ 0.6 K·Å −1 is surprisingly large for the expected energy scale with J ∼ 1 K [17] . In fact, the energy cost to separate two monopoles by the distance between the centres of adjacent Pr 3+ tetrahedra corresponds to approximately a temperature scale of 3 K. This strong tension prevents the propagation of monopoles over long distances. The confinement of these monopoles can be roughly quantified, since exact analytical solutions for the Schrödinger equation with an |x|-potential are known [30] Validation of the monopole confinement model for Pr 2 Sn 2 O 7 . (a) The direct comparison between the observed low energy magnetic excitations at 1.65 K and the predicted behaviour from three competing models: quantum harmonic oscillator [21] , localised spin clusters [29] , and monopole confinement [22] expectation value |x| for the highest energy excitation clearly observed, n = 5, corresponds to a relatively short distance of approximately 20Å, or two unit cells. Finally, it should be noted that although the linear fit of both 1.65 K and 10 K data yields a value of zero (within error) as an estimate of 2hω o , its absolute value is extremely sensitive to the energy of the first excitation and thus should be interpreted with caution. Please refer to Supplementary Discussion §3.5. for further details.
Conclusion
High resolution cold inelastic neutron scattering measurements on polycrystalline Pr 2 Sn 2 O 7 have revealed a previously unreported fine structure to the low energy excitation spectrum consisting of a series of unevenly spaced nearly-dispersionless magnetic excitations. A quantum confinement model with a linear potential λ|x| accounts for the fine structure suggesting these magnetic excitations are a direct spectroscopic observation of interacting magnetic monopole quasiparticles resulting from a finite tension between them. One natural extension of this work would be to remeasure the low energy dynamics of other QSI candidates (e.g. Pr 2 Zr 2 O 7 ) to determine if these systems exhibit similar non-negligible monopole tensions, while 
Model
Mode n = 1 n = 2 n = 3 n = 4 n = 5
Observed ( 0.86(6) 1.00 (7) 1.22(9) 1.5(1) 1.9 (1) another prospect is to explore the effects of external perturbations on the tension such as the application of external magnetic fields and pressure. The success of the monopole confinement model for Pr 2 Sn 2 O 7 encourages future QSI studies with the ultimate goal of understanding exactly how monopole confinement affects other physical properties of QSIs.
